Dietary restriction (DR) is an important experimental paradigm for lifespan and healthspan extension, but its specific contribution regarding the type, onset, and duration are still debatable. This study was designed to examine the impact of different dietary protocols by assessing the behavioral changes during aging. We exposed male Wistar rats of various age to ad libitum (AL) or DR (60 per cent of AL daily intake) feeding regimens with different onsets. The impact of DR on locomotor activity, memory, and learning was examined in 12-, 18-, and 24-month-old treated animals and controls using open field and Y-maze tests. We have also evaluated the effects of different DR's through the quantification of animal frailty, using behavioral data to create the frailty score. Our results indicated that DR improves general animal activity and spatial memory and decreases frailty with the effect being highly dependent on DR duration and onset. Notably, life-long restriction started at young age had the most profound effect. In contrast, shorter duration and later onset of restricted diet had significantly lower or no impact on animal's behavior and frailty. This study signifies the importance of DR starting point and duration as critical determinants of DR effects on healthspan.
Humans are facing an unprecedented increase in their lifespan mainly in the last 70 years; still, motor and cognitive skills are jeopardized during aging (1) . The current antiaging strategies are switching the focus from suppressing aging to promote successful aging and healthspan, in order to maximize the period of life time spent free of the costly and harmful conditions that usually accompany old age (2) . Optimal aging would then depend on factors that promote longer life and factors that diminish diseases and morbidity (3) . This is where the concept of frailty comes in the spotlight, as an important tool in predicting negative health outcomes during aging. Frailty is referred as a "multidimensional syndrome in aging" and its origin is based on the combination of genetic, biological, physical, psychological, social, and environmental factors and can be evaluated using frailty index (4, 5) or frailty score (FS) (6) . Frail individuals are at higher risk of accelerated physical and cognitive decline, disability, and inevitably death. However, one of the major characteristics of frailty is that it is considered to be a dynamic and a potentially reversible condition (7) .
There are many promising treatments for prolonging both the lifespan and the healthspan and therefore strong candidates for reversing frailty. Dietary restriction (DR) is unquestionably one of the most investigated and most widely used experimental interventions in aging research. Specifically, DR holds the great potential to induce life extension, delay aging, and attenuate a number of age-associated disorders (8) (9) (10) (11) . It is considered that DR represents the most promising avenue for treating age-related impairments in learning and memory in a wide variety of species (3, 8, 9) . Nevertheless, there is some evidence that challenges the beneficial DR effect in these processes. Specifically, few authors reported negative or even detrimental effect of DR if implemented in early life (12) (13) (14) or on the contrary, in aged subjects (15, 16) . Moreover, the positive impact of DR on life-span, cancer incidence, and age-related immune decline in mice was shown to vary dependently on the age when DR is implemented (17, 18) . These results pointed to a certain "time window" during the lifetime, when DR can be applied in order to elicit the favorable response.
In previous studies, we have already reported the positive effects of long-term DR implemented at adult age (19, 20) . In this study, we have focused on behavioral effects of different DR paradigms. We aimed to examine how various onsets and durations of DR influenced the animal's motor and cognitive abilities during aging. We performed behavioral analysis of 12-, 18-, and 24-month-old male Wistar rats exposed to DR [60 per cent of ad libitum (AL) daily intake] that varied in length and onset. Using Open field (OF) test, we assessed general locomotor activity, novel environment exploration, and habituation of rats, whereas Y-maze testing was used to measure cognitive deficits in spatial memory. The obtained behavioral parameters were then exploited in order to design an extended 11-item FS to further validate the effects of various onsets and durations of restricted feeding regimen.
Herein, we demonstrated that significant difference in the response to DR could arise in animals depending on duration of the restricted diet and the time when it is implemented.
Methods

Animals and Treatment
Male Wistar rats were used in this study (n = 167). All animal procedures complied with the EEC Directive (2-59/12) on the protection of animals used for experimental and other scientific purposes and were approved by the Ethical Committee for the Use of Laboratory Animals of the Institute for Biological Research "Sinisa Stankovic," University of Belgrade. Animals were maintained in a 12 hour light/ dark cycle and divided into two main groups, AL and DR. DR groups were maintained on 60 per cent of the mean daily intake of a standard laboratory diet and divided into three subgroups, based on different dietary regimens (Supplementary Figure 1) . DR1 started at the age of 6 months and rats were maintained on this dietary regimen until they were 12, 18, and 24 months old. DR2 was implemented at 12 and 18 months of age and lasted for 6 months. DR3 type of diet started at 15 and 21 months of age and lasted for 3 months. Given the long time interval between DR1, and DR2 and DR3 experiments (8 years), we used two cohorts of AL animals as controls at different time points. Specifically, first AL cohort of different ages (AL1: 12-, 18-, and 24-month-old groups of animals) served as control groups for DR1 treatment, whereas the second AL cohort (AL2: 18-and 24-month-old animals) served as controls for DR2 and DR3 treatments. Behavioral testing was performed in all experimental groups at 12, 18, and 24 months of age. Number of animals per group varied between n = 8-22.
Open Field Test
Motor activity of rats was recorded in Opto-Varimex cages (Columbus Instruments, OH). Data were analyzed using AutoTrack software (Columbus Instruments). Rats were allowed to freely explore the test arena for 40 minutes during the five consecutive days. Locomotor (distance traveled) and vertical activity (ie rearingstanding on rear limbs; both free-standing and against the walls) was observed and habituation was determined. Habituation was characterized by a decrease in activity upon repeated exposure to the stimulus (activity cage). We measured intersession (between sessions) habituation by detecting either total (40 minutes) or first 5 minutes of locomotor and vertical activity for 5 consecutive days. Intrasession (within session) habitation was determined by analyzing locomotor and vertical activity during first and last 5 minutes within the same day, for 5 days.
Y-Maze Test
The Y-maze consisted of three grey plastic arms (50 × 25 × 16 cm) that are at 120° from each other. Animals were allowed to freely explore the two arms during a 10 minute session, without reinforcements, such as food and water, while the third arm (novel arm) was blocked off during this first trial. After an intertrial interval (IT) of 1 hour, rats were allowed to freely explore all three arms of the maze for the next 10 minutes (second trial). Animals were monitored with a video camera mounted above the experimental arena, connected to a computer to record a video file. Entries into arms (four paws had to be inside the arm for a valid entry) and time spent in a third arm were monitored and spontaneous alterations (SAB) were calculated as described previously (21) .
Frailty Score
We calculated FS based on the "Valencia score" developed by Gomez-Cabrera and co-workers (6). They used score developed for measuring frailty in humans by Linda Fried and co-workers (22) and further adjusted it to experimental animals. We have adapted it to create a unique physical-cognitive FS, by combining the measurements of both physical strength (OF parameters and body weight) and cognitive status (OF and Y-maze parameters). We included five parameters from OF measured for the first 10 minutes (total distance traveled, DT; total duration of movement-ambulatory time, AT; percent of total time spent in moving, T/AT; average velocity of movement, DT/AT; rearing frequency, ie vertical activity, V1B), five parameters from Y maze measured for 10 minutes (total number of entries, number of third-arm entries, percentage of third-arm entries, time spent in third arm and SAB), and weight loss as the 11th parameter. Animals' body weights were recorded through their lifespan, and the body weights at the end of the experiment were taken for frailty measurements.
In order to compare the FS among experimental animals, the following "frailty groups" were formed as follows: (i) for the effect of aging, we combined all animals from both AL cohorts and then calculated how frail are 18-and 24-month-old AL animals in comparison to 12-month-old AL rats; (ii) for the effect of different dietary restricted regimens, we paired particular DR group with the appropriate AL group (ie the AL fed group of appropriate age and Following "Valencia score" method (6) for calculating FS, using Graph Pad software for statistics, we established 20 per cent as a cut-off point for all parameters used. The same principle was applied for body weight, as animals on DR initially lose approximately up to 20 per cent of their weight in order to adjust to decreased amount of food. Animals that ranked below 20th percentile fulfilled the frailty criteria and were considered positive for that criterion and for that age (ie animal "failed" the test). The calculated values for 20 per cent cutoff for each parameter during aging and under various DR paradigms are given in Supplementary Tables 1 and 2 , respectively. Then the FS for each "frailty group" was calculated as follows: total number of tests failed by the animals at each experimental group (A) divided by the total number of tests performed by the same group of animals (B) and expressed as percentage (6) .
Statistical Analysis
Statistical analysis of intersession habituation (locomotor and vertical activity) task was performed using repeated measures one-way ANOVA with age and days as factors, followed by Tukey's multiplecomparison post hoc tests. For intrasession habituation, paired t-test was performed. For comparisons between age-matched AL and DR groups OF activity, nonparametric two-tailed Mann-Whitney test was used. Statistical analysis for Y-maze test results was performed by using two-way ANOVA, followed by Tukey's multiple-comparison post hoc tests for the effects of aging and different feeding regimens. All data were expressed as means ± SEM. Analysis of FS was performed by Pearson's chi-squared test, whereas data for each of the parameters were performed using G-test with Williams correction for small number of samples. Statistical analysis was performed by using GraphPad Software (San Diego, CA). p-Value differences were considered to be statistically significant when p < .05.
Results
The Effect of Various DR Regimens on OF Activity of Rats During Aging
We used OF activity monitoring as a comprehensive assessment to track locomotor and exploratory activity as well as long-term memory of animals ( Figures 1 and 2 ). All examined AL groups showed intersession habituation over time. There were no major variations in distance traveled or vertical activity between different groups ( Figure 1A and B]. The exception was noticed in vertical activity of 18-month-old DR1 group that failed to habituate during the testing period. However, analysis of the first and last 5 minutes of each session for 5 days revealed both the intersession and intrasession (p < .05) habituation for this group ( Figure 1C) . Comparisons of motor activity between DR1 group and age-matched controls fed AL referred that long-term DR significantly affected locomotor and vertical activity. Specifically, locomotor activity was higher in 18-month-old DR1 group, whereas vertical activity was higher in 18-and 24-month-old DR1 group compared with age-matched controls (p < .05; Figure 1A and B).
OF activity analysis of animals exposed to DR2 regimen and their AL-matched controls revealed normal habitation during the testing period (Figure 2A Figure 2B ). DR2 treatment did not elicit any significant changes in OF behavior except in locomotor activity of 24-month-old animals. Following DR2 type of feeding regimen, these animals traveled significantly longer distance on the first testing day compared with AL counterparts (p < .05, Figure 2A) .
Next, analysis of animals kept under the shortest dietary regimen (DR3) revealed a significant effect of time on locomotor activity in both age groups (F (4,64) = 9.293, p < .0001; Figure 2C ). Intersession habituation of vertical activity was detected in 18-month-old DR3 animals [F(1,16) = 9.181, *p < .008; Figure 2D ]. In the oldest group of DR3 animals, intersession habituation was absent, either by analyzing the entire session ( Figure 2D ) or the first 5 minutes of each session ( Figure 2E , light grey bars). However, the intrasession habituation was detected by analyzing the first and the last 5 minutes of each session (p < .05; Figure 2E , light grey and black bars, respectively). Both 18-and 24-month-old DR3 animals traveled significantly lesser distance than their AL matched counterparts (p < .05; Figure 2C ). On the other hand, the higher vertical activity observed in 24-month-old DR3 animals compared with their age-matched AL controls (p < .05; Figure 2D ) could be due to inability of 24-monthold DR3 rats to habituate over time.
The Effect of Various DR Regimens on Spatial Memory of Rats During Aging
Using Y-maze test, we analyzed spontaneous alternation performance (SAB), total number of entries, number of novel (3rd) arm Figure 3D ). The shortest dietary restriction regimen (DR3) increased number of third-arm entries and time spent in third arm only in 18-month-old animals (p = .00251, p ≤ .0001, respectively; Figure 3C and D).
The Effect of Various DR Regimens on Rat's FS During Aging
An 11-item FS was calculated in order to better assess the impact of various DRs on motor and cognitive skills during aging. First, we analyzed the influence of aging and feeding regimens on each parameter used in this study (Supplementary Figures 2-7) , and then, we calculated FS (as explained in Methods). At the beginning of the experiment, all animals of the same age had the similar weight. Small, but not significant influence of age was detected on the body weight (Supplementary Figure 2F) . On the other hand, aging led to a significant increase of the percentage of animals that fulfilled frailty criterion for all other parameters examined except the velocity ( Supplementary Figures 2 and 3) .
Beneficial effect of DR1 in all aging groups was detected, as DR1-treated animals were significantly less positive for several frailty parameters than controls (Supplementary Figures 4 and 5) . DR1 rats expressed better results in total distance traveled, V1B, AT, percent of time spent in moving (Supplementary Figure 4A , B, D, and E) and time spent in a new environment (Supplementary Figure 5D ). Higher percent of success was also observed for those animals in total number of entries and number of third-arm entries (Supplementary Figure 5B and C) . Positive outcome of DR2 and DR3 regimens was observed only in 18-month-old animals and only in few parameters analyzed (Supplementary Figure 7C-E) . Moreover, several parameters like ambulatory time, percentage of time spent moving, and total number of entries indicated a significant negative effect of DR3 regimen in the oldest group of animals (Supplementary Figures 6D,  E, and 7B) .
All of these examined frailty parameters pointed to a significant effect of age and dietary regimens on frailty (Figure 4) . We noticed higher FS in 18-and 24-compared with 12-month-old AL group (p = .0002, p < .0001, respectively; Figure 4A ), that is, the percentage of frail rats in these groups was significantly higher than in 12-month-old group. However, FS was under a substantial influence of dietary regimens. The number of AL1 and DR1 animals that ranked in the lowest 20 per cent for each frailty criteria, the number of tests performed, and tests failed are presented in Table 1 . The total number of AL rats that failed the test was much higher when compared with dietary-restricted animals. This resulted in the significantly lower number of frail rats exposed to dietary restriction (DR1) in comparison to the groups that were fed AL during aging.
When the same parameters were analyzed for the animals exposed to DR2 and DR3 regimens (Table 2) , the significantly lower number of frail animals were detected in 18-month-old DR2 and DR3 groups in comparison to age-matched AL counterparts.
Overall, DR1 type of diet decreased FS in 12-, 18-, and 24-monthold animals compared with age-matched controls (p = .01, p = .004, p = .005, respectively; Figure 4B ), whereas DR2 and DR3 regimens lowered FS only in 18-month-old animals (p = .02, p = .002, respectively; Figure 4C ). Interestingly, DR3 regimen increased FS in 24-month-old animals and doubled a percentage of frail animals in the oldest group, indicating negative effect of this type of regimen ( Figure 4C ).
Discussion
DR is widely used and broadly accepted as an experimental paradigm with numerous antiaging properties. However, there are reports inconsistent with this classic beneficial DR effect. For instance, several reports implicated that DR effects could vary with the level, onset, and duration of restrictive diet (12-18, 23, 24) . It is generally accepted that for its most favorable outcome DR has to be initiated in young adult animals (25) . Young and old age are considered to be more vulnerable and susceptible to the environmental interventions like nutritional deprivations, whereas the adult phase represents the most resistant one (26) . This is why the DR duration and the age of animals are essential factors in determining the outcome of DR treatment. To the best of our knowledge, no study so far have comparatively analyzed the differences that would arise if DR is implemented at various periods during the lifespan. Therefore, we conducted a study where we compared the impact of early-, middle-, and lateonset of DR, as well as the impact of different durations of DR. We used the reduction of diet to 60 per cent of AL level as one of the most frequently used approach (27, 28) . Using behavioral analysis, we showed that the most favorable DR outcome strongly depends on the starting point and duration of applied DR. Namely, we found that moderate DR established at young adult stage (6 months of age) led to numerous beneficial outcomes, regardless of DR duration (6, 12, or 18 months). In all of these cases, DR significantly improved general motor and cognitive capacities of aging animals and lowered the frailty commonly increased in aging. However, starting from the late adulthood, the benefit of reduced food amount was highly debatable and depended significantly on the combination of the onset and duration of DR. If started during the period of 12-18 months of age, DR was either beneficial or had no effect. After that age, there is a risk that DR would cause negative effects, as it was observed in 24-month-old DR3 group. Those animals showed significantly worse open filed activity and FS in comparison to their age-matched controls. The effect of DR was also very dependent on the trait examined. The most positive effect of DR could be detected in Y-maze performance and in FS. OF activities of DR-treated animals were more variable and it was harder to make the general conclusion. OF assay is a comprehensive assessment of novel environment exploration and general locomotor activity of the animal. Literature data about the effect of age on the activity in open-field are contradictory, indicating that sex, time of testing, and other factors could contribute as well (29) (30) (31) . There are also controversies regarding the effects of DR on locomotor activity. Administration of caloric restriction for 8 weeks failed to increase locomotor activity (32) , whereas life-long DR even aggravates the age-related impairment of spontaneous locomotor activity (33) in mice. On the contrary, 6 months long calorie restriction implemented in early-aged rats (18 months old) increased spontaneous locomotor activity compared with AL rats (34). We did not observe any effect of age on OF activity in animals fed AL. However, various types of diet induced different performance in the OF. Long-term DR started during adulthood (6 months) has the most pronounced beneficial effect on animal's behavior, increasing physical performance and exploratory behavior. Considerably lesser effect was noticed in rats exposed to restriction that started later in life and lasted for 6 months (DR2), whereas the Notes: Number of animals in the lowest 20% for each parameter used to calculate frailty score; the frailty score for each experimental group, calculated as follows: total number of tests failed by the animals at each experimental group divided by the total number of tests performed by those animals, expressed in percentage. AL = Ad libitum; DR = Dietary restriction. Notes: Number of animals in the lowest 20% for each parameter used to calculate frailty score; the frailty score for each experimental group, calculated as follows: total number of tests failed by the animals at each experimental group divided by the total number of tests performed by those animals, expressed in percentage. AL = Ad libitum; DR = Dietary restriction.
shortest dietary restriction (DR3) even decreased locomotor activity of rats. Although vertical activity of the oldest DR3 group of rats was substantially higher compared with their age-matched counterparts, we cannot claim that this type of diet elicited beneficial changes. On the contrary, the lack of intersession habituation of vertical activity in this group points to possible detrimental effects (35) of late-onset DR to the learning process. The Y-shaped maze is a test that mirrors the rodent's spatial working memory. Several studies have shown that cognitive tasks which require the use of spatial learning and memory in rodents is significantly sensitive to age (36) (37) (38) . Our results demonstrated that aging affected Y-maze performances in rats, eliciting a decrease in total number of entries, novel arm entries, and time spent in a novel arm in the two oldest groups of rats. A positive effect of DR on spatial memory was observed, but the level of favorable outcome was dependent on DR duration and onset. The long-term diet significantly improved spatial memory, whereas shorter DR's had only a minor influence. The literature data are controversial. Some authors reported that chronic caloric restriction in developing mice disturbs spatial learning in mazes if it is severe (39) . In contrast, lifelong duration of DR was shown to improve working memory, but DR with the late onset was not capable to ameliorate age-related deficits (33) . Furthermore, the 3 months long DR increased learning, but not memory retention, and only in male mice (40) . Acute restriction exerts diverse effects on the memory, either positive or negative, depending on the age when is implemented (39) . These data are supportive to the notion we introduced in this work that for the maximal beneficial effect, diet should start at optimal time point in life and last for sustainable period.
Correlation between the OF and Y-maze assessment of animal's behavioral abilities was previously established (41) . Our results confirmed that link. Both open-field and Y-maze data jointly revealed the maximal beneficial effect of long-term DR on animal's spatial memory, exploratory behavior, and a general activity level. Shorter duration and late start point of DR had a less pronounced positive impact. Both tests also showed the absence of beneficial outcome if DR was implemented at the advanced age.
To perform a more detailed evaluation of animals on different dietary regimens, we also examined animal's frailty. Besides the "Fried phenotype" (22) and the "Rockwood frailty index" (42) , there were several attempts in defining frailty in animals, mostly in mice (43, 44) . Very recently, two studies have laid a first stone on the development of suitable frailty index in rats (45, 46) . Both studies were performed on Fisher 344 rats, but authors also pointed out the necessity of determining frailty index in other rat strains and its relation with cognitive deficits. Thus, using physical and cognitive parameters, we determined the frailty status in Wistar rats, another rat strain widely used in aging studies. We implemented frailty assessment that originated from the "Valencia score" method for frailty (6) , based on the previously established one for frailty in humans by Fried and co-workers (22) . The detected age-related progression of FS in Wistar rats was comparable to one seen in Fisher 344 rats (45) . The frailty of both rat strains changed in similar manner during aging, with a significant increase of FS at 17-18 months of age, even when different frailty parameters are employed. Furthermore, this is the very first study aiming to examine the impact of dietary intervention on rat frailty in the course of aging. Another study in long-lived male mice revealed that food restriction implemented at 6 months of age (until 18 months) significantly reduced frailty (47) . That was also found in male Wistar rats and more importantly, we observed a decreased FS, which in turn suggests that early-onset, long-term DR acted towards the improvement of healthspan. Likewise, with the results obtained in behavioral tasks, frailty assessment showed that beneficial effect of shorter DR regimens is questionable. Both DR2 and DR3 were inadequate to improve the FS in oldest age, although a positive effect was observed in previous time point for DR2 and DR3 groups. DR implemented at the age of 21 months further enhances age-related increase in frailty. These results further support the notion that shorter duration of DR and when initiated later in life has no general positive effect. These, as well as OF data reported here, are in compliance with the previously published report (48) where 60 per cent DR initiated in old mice (22-24 months) increased mortality in three mouse strains and switching to AL diet was beneficial for survival of those mice.
We have previously shown that life-long DR can neutralize a significant synaptic protein loss in the hippocampus during aging (19, 20) and has complex consequences on animal's behavior depending on the animal's age and duration of diet (49) . In this study, we have shown that for the most favorable outcome, DR onset should be in a young adult phase followed by a life-long duration. Although, some positive effects could also be achieved with DR applied later in life, even in aged animals, the duration of DR was crucial in distinguishing beneficial from harmful effects. These findings impute a new light into the current view of the impact of DR, as they clarify the applicability of DR as a strategy for prolonging the healthspan. 
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